We present the first continuum extrapolation of the hyperon octet axial couplings (gΣΣ and gΞΞ) from N f = 2 + 1 + 1 lattice QCD. These couplings are important parameters in the low-energy effective field theory description of the octet baryons and fundamental to the nonleptonic decays of hyperons and to hyperon-hyperon and hyperon-nucleon scattering with application to neutron stars. We use clover lattice fermion action for the valence quarks with sea quarks coming from configurations of N f = 2 + 1 + 1 highly improved staggered quarks (HISQ) generated by MILC Collaboration. Our work includes the first calculation of gΣΣ and gΞΞ directly at the physical pion mass on the lattice, and a full account of systematic uncertainty, including excited-state contamination, finite-volume effects and continuum extrapolation, all addressed for the first time. We find the continuum-limit hyperon coupling constants to be gΣΣ = 0.4455(55)stat(65)sys and gΞΞ = −0.2703(47)stat(13)sys, which correspond to low-energy constants of D = 0.708(10)stat(6)sys and F = 0.438(7)stat(6)sys. The corresponding SU(3) symmetry breaking is 9% which is about a factor of 2 smaller than the earlier lattice estimate.
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I. INTRODUCTION
The octet-baryon axial couplings (g ΣΣ , g ΞΞ , and g A ) are important quantities for studying hadron structure in QCD. Specifically, the hyperon couplings are important in the effective field theory of octet baryons [1] , because they enter the expansions of all quantities in chiral perturbation theory. In addition, the coupling constants also appear in the calculations of hyperon nonleptonic decays [2] and of hyperon-hyperon and hyperon-nucleon scattering matrix elements [3] . They are also useful for calculating equations of state and other properties of nuclear matter in neutron stars [4, 5] . Studying these couplings also allows us to explore the extent of the symmetry breaking of SU(3) flavor. SU(3) symmetry has been widely studied [1, 6] in the hyperon hadronic matrix elements and this symmetry is used in many applications where strange data is limited. For example, the global analysis of the polarized parton distribution function (PDF) has commonly used this assumption for extracting individual quark flavor PDFs [7] ; knowing to what extent of this symmetry holds will help us quantify the systematic uncertainty introduced by the use of this assumption in the polarized PDF [7] . However, experimentally it is much harder to determine the hyperon couplings than those in the nucleon case, since the hyperons weak decay in nature quickly. Lattice-QCD (LQCD) calculations can provide more stringent direct and reliable calculations of these couplings.
Lattice QCD is an ideal theoretical tool to study the parton structure of hadrons, starting from quark and gluon degrees of freedom. Progress has long been limited by computational resources, but recently advances in both algorithms and a worldwide investment in pursuing exascale computing has led to exciting progress in LQCD * hwlin@pa.msu.edu calculations. Take the nucleon tensor charge for example. Experimentally, one gets the tensor charges by taking the zeroth moment of the transversity distribution; however, the transversity distribution is poorly known and such a determination is not very accurate. On the lattice side, there are a number of calculations of g T [8] [9] [10] [11] [12] [13] [14] [15] [16] ; some of them are done with more than one ensemble at physical pion mass with high-statistics calculations (about 100k measurements) and some with multiple lattice spacings and volumes to control lattice artifacts. Such programs would have been impossible 5 years ago. As a result, the lattice-QCD tensor charge calculation has the most precise determination of this quantity, which can then be used to constrain the transversity distribution and make predictions for upcoming experiments [17] . The hyperon couplings are also not precisely known from experiments, and we hope a better determination of these couplings will lead to advancements in multiple subfields.
In this work, we will be using the following definitions for the axial couplings:
where Z A is the renormalization constant for the axial current. The factor of 2 in g ΣΣ comes from a ClebschGordan coefficient so that g ΣΣ = F in the SU(3) limit. The hyperon axial structure can be obtained through the following
where B is an octet baryon (N , Ξ, Σ), u B is the Dirac spinor, G A is the axial form factor, G P is the induced pseudoscalar form factor, and q = p − p is the transfer momentum. In the q 2 = 0 limit, we obtain the hyperon coupling constants that come from G A (q 2 = 0). There have been several previous LQCD calculations of the hyperon coupling constants. The first such calculation was performed in 2007 with a single lattice spacing and lightest pion mass near 350 MeV [18] using 2+1-flavor lattices; they got g ΣΣ = 0.450(21) stat (27) sys and g ΞΞ = −0.277(15) stat (19) sys . A follow-up study by a Japanese group used 2-flavor lattices [19] , producing results consistent with the heavier pion masses of Ref. [18] . ETMC [20] used N f = 2 + 1 + 1 lattices with lowest pion mass 213 MeV and 2 lattice spacings, 0.082 and 0.065 fm; they obtained g ΣΣ = 0.381(11) and g ΞΞ = −0.248(9) (statistical errors only) after extrapolating to the physical pion mass. In this work, we not only present the first calculation of these quantities at physical pion mass, but also study the finite-volume effects and lattice discretization systematics, and report the first continuum-limit results for the hyperon axial couplings.
II. LATTICE-QCD CALCULATION SETUP
In this work, we use clover lattice fermion action for the valence quarks on top of 2+1+1 flavors of hypercubic (HYP)-smeared [21] highly improved staggered quarks (HISQ) [22, 23] in configurations generated by MILC Collaboration. The quark mass and clover parameters are the same as those used by PNDME Collaboration [8] . We use 3 lattice spacings a: 0.06, 0.09 and 0.12 fm with pion masses M π ranging from near physical pion mass (135 MeV) to heaviest ones around 310 MeV. We also perform a volume-dependence study at a ≈ 0.12 fm and M π ≈ 220 MeV where M π L ranges from 3.3 to 5.5. A summary of the ensemble information and parameters used in our calculations can be found in Table I .
To extract the octet axial couplings, we simultaneously fit the octet two-point (C 2pt ) and three point (C 3pt ) correlators, including the first excited state, with the following fit forms:
A 0 and A 1 are overlap amplitudes for the ground and excited states, t sep is the source-sink separation, and M 0 and M 1 are the masses for ground and excited states of the corresponding octet baryons. For q 2 = 0, the third and fourth terms are related, so Eq. 4 can be combined into a three-term fit using all the t sep data we have. Note that the unwanted matrix element 1|O Γ |1 has the same time dependence as the wanted ground-state matrix element 0|O Γ |0 , so this excited-state contamination can only be reliably extracted when there are multiple t sep in the data. We fit the matrix elements from all ensembles up to 1|O Γ |1 with the exception of the a12m220L ensemble for which only one source-sink separation was taken; only two-term fits (up to 1|O Γ |0 ) can be used to extract the bare matrix elements. Based on the measurements using the same lattice spacing and pion mass from the smaller-volume a12m220 ensembles, there is no sign of the excited-state contamination at the chosen sourcesink separation. We choose to use ratios of hyperon to nucleon axial couplings for the following reasons: First, we avoid the need to determine the renormalization constants of the axial current, so there is no need to fold in the additional uncertainty due to nonperturbative renormalization. Secondly, the signal-to-noise of the ratios are significantly improved due to the correlations in the data, since they are taken using the same QCD configurations. Thirdly, we expect some of the lattice artifacts to be canceled or reduced in the ratio combinations. As shown in Fig. 2 , we do not see strong pion mass, nor significant latticespacing or volume dependence in these ratios.
III. RESULTS AND DISCUSSION
A naive continuum extrapolation, the strategy taken by many lattice works in the past, is to assume extrapolation linear in M 2 π and neglect the lattice spacing a and volume dependence (using the dimensionless parameter (M π L). The blue band in Fig. 2 shows such an extrapolation; we obtain g ΣΣ /g A = 0.3501(43) and g ΞΞ /g A = −0.2124(37). Next, we explore the systematics using polynomials in M 2 π up to M 4 π . For each for, we also consider volume dependence of {1, e −MπL } and latticespacing dependence {1, a, a 2 }. This yields 18 possible continuum-extrapolation forms. The results of these fits are then combined using the Akaike information criterion (AIC) weighted by the factor w i = P i /( j P j ), where sum of squared fit residuals. We then estimate the contribution of systematic uncertainty by taking the difference total error from the statistical-only result (difference in quadrature); this gives g ΣΣ /g A = 0.3501(43) stat (51) sys and g ΞΞ /g A = −0.2124(37) stat (10) sys . Taking the experimental averaged g A from the Particle Data Guide [24] , our final hyperon axial couplings are g ΣΣ = 0.4455(55) stat (65) sys and g ΞΞ = −0.2703(47) stat (13) sys . Our results are consistent with the first hyperon axial coupling calculation [18] , g ΣΣ = 0.450(21) stat (27) sys and g ΞΞ = −0.277(15) stat (19) sys (based on a single lattice spacing and much heavier pion masses), but we achieve much improvement in statistical uncertainty and control of systematics. Assuming SU(3) symmetry where g ΣΣ = F and g ΞΞ = D −F , we obtained low-energy chiral parameters D = 0.708(10) stat (6) sys and F = 0.438(7) stat (6) sys , which are not consistent with the determination D = 0.804 (8) and F = 0.463(8) using semileptonic decay data under the same assumption of SU(3) symmetry [2] . Using low-energy constants, we can determine a 8 = 3F − D = 0.607 (16) stat (12) sys , which gives the proton spin structure of ∆u + ∆d − 2∆s, consistent with the value of 0.585 (25) commonly used in polarized global fits as a constraint [7] . We also investigate study the extent of SU(3) symmetry breaking by considering the quantity
Figure 3 shows δ SU(3) /g A for all the ensembles used in this work as a function of the dimensionless quantity
) measured independently on each ensemble. In contrast to the earlier works [18] [19] [20] , we do not see a strong dependence of δ SU(3) proportional to the x 2 for pion masses between 220 MeV and the physical pion mass. This is likely due to the heavier pion masses used in the previous studies [18] [19] [20] ; the dependence is more obvious when we only look at the heaviest 2 pion masses, but it disappears for pion mass below 220 MeV.
Using the g ΣΣ and g ΞΞ found earlier, we obtain δ SU(3) /g A = +0.087(10) stat (11) sys . Thus, we estimate a total SU(3) symmetry breaking size of about 9%, which is smaller than the estimate from Ref. [18] . ). There is a noticeable increase with x at heavier quark mass but it is mild when only looking at the lightest 2 pion masses.
IV. SUMMARY AND OUTLOOK
In this work, we have calculated the axial coupling of the Σ and Ξ octet baryons using N f = 2 + 1 + 1 lattice QCD. For the first time, not only have these quantities been studied directly at the physical pion mass but also with careful study of the sources of systematic uncertainty, including the lattice-spacing and the finitevolume effects. We calculated multiple source-sink separations for the three-point correlators and used a twostate strategy to fit all separation data simultaneously to remove excited-state contamination. We constructed the ratios of g ΣΣ /g A and g ΞΞ /g A and found these ratios have smaller dependence on the M 2 π , lattice spacing a and volume. We then extrapolated the ratios to the physical limit using 18 different fitting forms and obtained g ΣΣ = 0.4455(55) stat (65) sys and g ΞΞ = −0.2703(47) stat (13) sys . We also examined the SU(3) symmetry breaking using these couplings and found around 9% effect in this updated study.
